Background: Recent studies have suggested that mast-cell activation and inflammation are important in obesity and diabetes. Plasma levels of mast cell proteases and the mast cell activator immunoglobulin E (IgE) may serve as novel inflammatory markers that associate with the risk of pre-diabetes and diabetes mellitus.
Introduction
The development of diabetes mellitus -and in particular, of type 2 diabetes mellitus (type 2 DM) -involves multiple stages and is complicated by multiple factors, such as obesity and cardiovascular disease. The exact mechanisms leading to diabetes mellitus, however, remain unknown. Pre-diabetes refers to the intermediate states between normal glucose tolerance (NGT) and type 2 DM and is the precursor of type 2 DM. Individuals with pre-diabetes often bear clusters of cardiovascular disease risk factors [1] . In recent years, studies have focused on the inflammatory risk factors of pre-diabetes and type 2 DM [1] [2] [3] [4] [5] [6] . Elevated plasma levels of inflammatory high-sensitivity C-reactive protein (hs-CRP) were seen in two Asian-population-based cohorts of pre-diabetes [7] . Mast cells are essential components of asthma and allergic responses [8, 9] , but recent studies have shown that these cells are important in diet-induced obesity and type 2 DM. Mice lacking mast cells or receiving the mast cell inhibitors cromolyn or ketotifen (Zaditor) are fully protected from developing type 2 DM [10] . By releasing the mast-cell-specific serine proteases chymase [11] and trypase [12] , these ''allergy cells'' contribute to neovascularization and vascular-cell apoptosis.
One of the best-known mechanisms of mast cell activation is the binding of immunoglobulin E (IgE) to its high-affinity receptor FceR1 on the mast cell surface. After IgE binding, mast cells release histamine, mast cell protease, proteoglycan, cytokines, and chemokines [13, 14] . Many of these inflammatory mediators associate with diabetes mellitus [15] [16] [17] . Plasma levels of mast cell chymase and tryptase are greatly elevated in patients with acute myocardial infarction (AMI) or unstable angina pectoris (UAP) [18] . We recently showed that human plasma IgE levels also associate with coronary artery intima thickness and rupture. IgE levels in patients with AMI were double those in subjects with stable angina pectoris (SAP) or without coronary heart disease (CHD) [19] . In human atherosclerotic lesions, IgE and its receptor FceR1 are localized to macrophage-rich areas, as well as to smooth-muscle cells (SMCs) and endothelial cells (ECs). In atherosclerosis-prone apolipoprotein E-deficient (Apoe 2/2 ) mice, the absence of FceR1 a-subunit reduced atherosclerotic lesion sizes by 75% in the thoracic to abdominal aorta, and by more than 50% in the aortic arch. Mechanistically, we demonstrated that IgE activated macrophage, EC, and SMC signaling transduction, apoptosis, and cytokine and chemokine production [19] -all of which participate in metabolic diseases [10, 20, 21] . The current study is designed to examine whether IgE and mast cell proteases associate with infammation and diabetes status in a Chinese population from a pre-diabetes study.
Materials and Methods

Study population
This study is part of the Pre-diabetes Intervention Project (PDIP), which began in 2008 at the School of Medicine, Huzhou Teacher's College, Zhejiang, China. From July to August 2008, a total of 3163 volunteers 55 to 75 years of age, from three neighborhood communities in the city of Huzhou, were invited for pre-diabetes screening. After excluding subjects with known DM or cardiovascular disease, cerebrovascular disease, malignant disease, chronic liver disease, or kidney failure, and those taking medications, 1500 volunteers were invited for a fasting glucose test and a 2-hour oral glucose tolerance test (2h-OGTT) as part of the pre-diabetes screening. Of those, 1197 accepted the invitation and participated in both tests from September to December 2008. Among the subjects, 807 (67.42%) had normal glucose tolerance (NGT), 267 (22.30%) were diagnosed with pre-diabetes, and 123 (10.28%) were diagnosed with DM. One year after the initial visit, 267 pre-diabetes subjects, 123 DM subjects, and 100 randomlyselected NGT subjects were invited for anthropometric measurements and clinical tests. A total of 340 subjects participated in the final study, and among them, 71 had normal glucose tolerance (NGT), 189 had pre-diabetes, and 80 had DM. This study was approved by the Huzhou City Ethics Committee, and all subjects gave written, informed consent prior to participating.
Data collection
Demographic data, including age and sex, were collected at the registry. Anthropometric measurements (body height and weight, waist and hip circumference) were performed with the subjects wearing light underwear and without shoes. The biochemical parameters were measured in the Clinical Biochemistry Unit of Huzhou First Hospital, a teaching hospital of the School of Medicine. All participants were fasted for 10-12 hours to determine plasma glucose levels, lipid profiles, and insulin levels. To perform 2h-OGTT, participants were asked not to smoke or to partake in vigorous exercise during 2 hours of sample collection, and rested for a minimum of 15 minutes. An antecubital blood sample was drawn immediately before and 2 hours after glucose ingestion. The glucose oxidase method was used (Japanese OLYMPUS AV640 Automatic Biochemical Analyzer) to measure plasma glucose concentration. Plasma hs-CRP levels were determined by a high-sensitivity latex-enhanced nephelometric assay (Sysmex Wuxi Co., Ltd., Wuxi, China). Plasma insulin (Abbott Japan Co., Ltd., Tokyo, Japan) and IgE (DiaSys Diagnostic Systems GmbH, Holzheim, Germany) levels were measured using a radioimmunoassay. Plasma total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) were determined by an enzymatic assay (Beijing Leadman Biochemistry Co., Ltd., Beijing, China). Plasma chymase and tryptase levels were determined as described previously [18] .
Clinical criteria
Subjects with diabetes and pre-diabetes were grouped according to American Diabetes Association 2003 criteria [22] . Diabetes was classified with a fasting plasma glucose (FPG) $7.0 mmol/L or 2h-OGTT $11.1 mmol/L, or receiving hypoglycemic medication; whereas pre-diabetes was defined as FPG $5.6 and 
Statistical analysis
We used the mean and standard deviation of continuous and normal distributional variables and the median and interquartile range of continuous but skewed distributional variables. Data were analyzed using one-way analysis of variance (ANOVA), chi-square test, linear regression test, Kruskal-Wallis test, ordinal logistic model, or binary logistic model. All statistical analyses were conducted using SPSS statistical software (version 11.0).
Results
Population distribution
Basic characteristics of all 340 participants are shown in Table 1 . All data with normal distributions were expressed as mean 6 SD (standard deviation); otherwise, data were expressed as median and interquartile ranges. Sex was expressed as the percentage of males, and plasma tryptase levels were expressed as percentages of those among the upper quartile (.2.74 ng/mL). Of the 340 participants -96 men (average age, 67.8465.35 years) and 244 women (average age, 64.3066.02 years) -71 (20.9%) were classified as NGT subjects, 189 (55.6%) as pre-diabetes subjects, and 80 (23.6%) as diabetes subjects. One-way ANOVA, Kruskal-Wallis test, or chi-square test demonstrated that FPG, 2h-OGTT, HOMA-b, HOMA-IR, TG, WC, AC, WHR, hs-CRP, and IgE levels were significantly higher in patients with pre-diabetes or diabetes mellitus than in the normal glucose group (NGG). Compared with patients in the NGG, levels of FPG, 2h-OGTT, fasting insulin, HOMA-b, HOMA-IR, SBP, WHR, hs-CRP, and IgE were significantly higher in the pre-diabetes group (PDG); levels of FPG, 2h-OGTT, fasting insulin, HOMA-b, HOMA-IR, TC, TG, BMI, WC, AC, WHR, hs-CRP, IgE, and chymase also were significantly higher in the diabetes mellitus group (DMG) ( Table 1) . Linear regression analysis revealed significant correlations in levels of FPG, 2h-OGTT, fasting insulin, HOMA-b, HOMA-IR, TC, TG, HDL-C, BMI, WC, AC, WHR, IgE, and chymase among the NGG, PDG, and DMG (Table 1) .
Plasma IgE, chymase, and tryptase as independent risk factors of pre-diabetes and diabetes mellitus
Ordinal logistic regression analysis examined whether IgE and mast cell protease chymase and tryptase are significant risk factors for pre-diabetes and diabetes mellitus in this Chinese population, compared with variables from the NGG. Four different models of adjustment were used, based on selections of similar variables: Models one and three used HOMA-IR, whereas models two and four used HOMA-b. Models one and two used WC as the obesity standard, whereas models three and four used BMI (Table 2) . Before adjustment for any of the variables listed in Table 2 , hypertension, WC, WHR, HOMA-IR, HOMA-b, hs-CRP, and IgE were significant risk factors for pre-diabetes and diabetes mellitus. After adjustment in all four models, however, only hypertension and HOMA-IR (or HOMA-b) remained significant risk factors for pre-diabetes and diabetes mellitus. Among the remaining variables, IgE remained a significant pre-diabetes and diabetes mellitus risk factor in three models of adjustment. In contrast, mast cell chymase and tryptase were not significant risk factors for pre-diabetes and diabetes mellitus before or after adjustment for all common diabetes variables ( Table 2) .
Binary logistic regression analysis allowed us to examine risk factors for either pre-diabetes or diabetes mellitus, compared with variables from the NGG. Before adjustment, hypertension, WC, WHR, hs-CRP, and IgE were significant risk factors for prediabetes, while high hypertension, WC, WHR, BMI, HOMA-b index, HOMA-IR index, and hs-CRP levels were significant risk Lower HDL-C (Table S1 ).
Plasma hs-CRP, IgE, chymase, and tryptase as dependent risk factors of pre-diabetes and diabetes mellitus
As discussed, the inflammatory biomarker hs-CRP associates with diabetes mellitus [7, 15] . When hs-CRP was considered as an interaction variable with all other variables, we found that age, sex, hypertension, WC (or WHR, or BMI), TG, HOMA-b, and IgE were significant risk factors for pre-diabetes and diabetes mellitus, compared with those from the NGG, in an ordinal logistic regression model. In contrast, TC, HDL, LDL, HOMA-IR, tryptase, and chymase were not significant risk factors for prediabetes and diabetes mellitus. After adjusting these risk factors using model three (Table 2) , both age and sex lost their significance as pre-diabetes and diabetes mellitus risk factors, but other variables remained significant (Table 3 ). These observations suggest that high plasma hs-CRP, in combination with high plasma IgE, increased the risk of developing pre-diabetes and diabetes mellitus with an odds ratio (OR) of 2.204 (1.020-4.759, 95% CI) before adjustment and an OR of 2.251 (1.037-4.885, 95% CI) after adjustment. We obtained different observations, however, when we used a binary logistic regression model to compare variables from the NGG to those from the PDG or the DMG. Except age and sex, all tested variables (hypertension, WC, WHR, BMI, TC, TG, low HDL, high LDL, hyperinsulinemia, HOMA-b, HOMA-IR, IgE, tryptase, and chymase) were significant risk factors for pre-diabetes, when interacting with high plasma hs-CRP levels before or after adjustment (Table S2) . The same sets of variables also were significant risk factors for diabetes mellitus before adjustment. But after adjustment, only hypertension, WHR, TC, high LDL, HOMA-b, HOMA-IR, IgE, and tryptase remained significant risk factors for diabetes mellitus (Table S2) .
Plasma IgE significantly increases in AMI patients, compared with SAP patients or non-CHD patients [19] . In this Chinese population, the interaction of plasma IgE level with hypertension, WC, WHR, BMI, TG, HOMA-b, and chymase showed significant changes in OR, compared with those from the NGG before or after adjustment for all listed diabetes mellitus risk factors (Table 4 (Table 4) , suggesting a dependent contribution of plasma chymase and IgE to pre-diabetes and diabetes mellitus.
When we performed binary logistic regression analysis, we found that interactions of high IgE with hypertension, WC, WHR, TC, low HDL, high LDL, hyperinsulinemia, HOMA-b, HOMA-IR, and chymase significantly increased the risk of having prediabetes before and after adjustment, compared with those from the NGG (Table S3 ). When we compared the variables between (Table S3) . We made similar conclusions after analyzing interactions between chymase and several other diabetes mellitus factors, including hypertension, WC, WHR, TG, HOMA-b and HOMA-IR (Table 5 ). Under all methods tested, however, plasma tryptase alone did not correlate with plasma glucose levels ( Table 5 ) did not significantly influence the risk of developing prediabetes and diabetes mellitus. Interactions of plasma tryptase with hypertension, WC, WHR, TC, TG, HOMA-b and HOMA-IR did, however, increase the OR in an ordinal logistic model significantly (Table 6) .
When the NGG was compared independently with the PDG in a binary logistic model, we found that interactions between chymase and hypertension, WC, WHR, BMI, LDL, hyperinsulinemia, and tryptase were significant risk factors for pre-diabetes. After adjustment, interactions between chymase and WC, WHR, or HOMA-IR index affected the risk of pre-diabetes significantly (Table S4 ). When the NGG was compared with the DMG in the same model, interactions between chymase and hypertension, WHR, BMI, HOMA-b, HOMA-IR, and tryptase were significant risk factors for diabetes mellitus before and after adjustment (Table  S4) . When interactions between tryptase and other variables were considered in the binary logistic regression analysis, WC was the only significant risk factor for pre-diabetes before adjustment, and it lost its significance after adjustment (Table S5 ). When the NGG was compared with the DMG, however, interactions between tryptase and obesity variables (WC, WHR, and BMI), HOMA-b, and HOMA-IR were significant risk factors for diabetes mellitus, and BMI, HOMA-b, and HOMA-IR remained significant risk factors for diabetes mellitus after adjustment (Table S5) .
Discussion
Accumulating evidence indicates that age, sex, obesity, hypertension, dyslipidemia, insulin resistance, decreased b-cell sensitivity, hyperinsulinemia, HbA1c, and hs-CRP are related to pre-diabetes and diabetes mellitus [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Inflammatory cytokines are important to the pathogenesis of pre-diabetes and type 2 DM [37] [38] [39] . This study reveals that both IgE and chymase correlate with glucose tolerance in humans. Interactions with other diabetes risk factors greatly increased the impact of these mastcell-related molecules on pre-diabetes and diabetes mellitus.
Mast cell chymase and tryptase are important proteases that have been implicated in cardiovascular diseases. Patients with atherosclerosis and patients with abdominal aortic aneurysms (AAAs) have elevated levels of these proteases [11, 12, 18] . Mechnistically, chymase contributes to angiogenesis, SMC apoptosis, and mast cell cysteinyl cathepsin expression. Mast cells lacking chymase or SMCs that are treated with chymase-deficient mast cells demonstrate reduced cysteinyl cathepsin expression and activties [11] . In contrast, mast cell tryptase contributes to EC chemokine expression, monocyte and mast cell cysteinyl cathepsin expression, leukocyte migration, and SMC apoptosis [12] . In patients with small AAAs, plasma levels of these proteases associate with abdominal aorta expansion rate, risks of later surgical repair, or overall mortality. Although a direct participation of chymase or tryptase in obesity or diabetes has not been tested in any experimental model, cysteinyl protease cathepsins -which are indirectly regulated by chymase and tryptase [11, 12] -have been confirmed in diet-induced obesity and diabetes and in geneticallygenerated obesity and diabetes. Mice deficient in cathepsin L or cathepsin K, or treated with their selective inhibitors, are leaner than control mice or have significantly improved glucose sensitivity [40, 41] . Both chymase and tryptase, therefore, may directly or indirectly participate in the pathogenesis of diabetes mellitus -a hypothesis that merits further investigation. IgE often associates with allergic responses, but several small human population studies indicated an association between serum IgE levels and CHD. In the Helsinki Heart Study [42] , a nested case-control design and logistic regression analysis of 135 patients with CHD and 135 control subjects, serum IgE levels were higher in CHD patients than in control subjects. In a group of 13 stable patients from Turkey who underwent elective coronary artery stenting, serum levels of IgE and hs-CRP reached their peaks at the second and third post-procedure days, but returned to the baseline at the end of the first month [43] . IgE, like hs-CRP, might serve as a biomarker of inflammation in CHD, as shown in a recent study from a group in Pakistan: 99 patients with a history of ischemic heart disease (IHD) and established atherosclerosis on angiography showed increased serum levels of oxidized LDL and IgE, compared with those in 101 age-matched and sex-matched healthy subjects without a known history of IHD [44] . We demonstrated in two independent Chinese populations (982 and 240 patients, respectively) that plasma IgE levels were highest among AMI patients, followed by UAP patients, SAP patients, and non-CHD volunteers [19] . Although our original study [19] tested the role of IgE on macrophages, SMCs, and ECs, one conventional function of IgE is the activation of mast cells -a cell type that plays critical roles in type 2 DM [10] . Our current study demonstrates that plasma IgE levels strongly correlate with glucose tolerance status ( Table 1 ) and serves as a strong risk factor for pre-diabetes and diabetes mellitus, either independently or in their interactions with mast cell protease or many other diabetes risk factors (Table 2, Table S1 ). Combining these clinical data and our recent discoveries of IgE function in atherosclerosis [19] , we conjecture that IgE participates directly in the pathogenesis of diabetes mellitus -a hypothesis that can be tested in animals in the future. But this study also has limitations. When we enrolled these patients and volunteers, we did not exclude those who might have asthma or other allergic diseases, which might affect blood IgE or mast cell protease levels. Ideally, their circulating eosinophilic leukocyte contents would be measured. A larger and more complete population study therefore may be required to affirm our observations. Nevertheless, this study provided the first evidence that elevated plasma levels of mast cell proteases and IgE may serve as important risk factors for human type 2 DM, particularly when hs-CRP or other common diabetes mellitus risk factors are considered. These mast cell proteases or IgE also may serve as biomarkers for human type 2 DM. 
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